INTRODUCTION
============

Accumulation of reactive oxygen species (ROS) has long been involved in disrupting cellular function, leading to cell death via apoptosis \[[@B1]\]. One of the well-known ROS, hydrogen peroxide (H~2~O~2~) is extensively used as a source of oxidative stress, due to its ability to easily cross the cell membrane and to convert into the highly reactive hydroxyl radical (·OH) through Fenton reaction. It reacts with nearly all cellular molecules resulting in their damage, thereby inducing apoptosis in various cell types \[[@B2]\]. In particular, compared to other tissues, the brain is susceptible to oxidative stress because of a high rate of oxidative metabolism \[[@B3]\]. Neuronal cell death induced by oxidative stress leads to progression of neurodegenerative disorders including Alzheimer\'s disease (AD) \[[@B4]\]. The human neuroblastoma SH-SY5Y cell has been commonly used as a cellular model for screening therapeutic agents having neuroprotective effects \[[@B5][@B6]\].

Recently, attention has increased in the search for natural sources that can protect neuronal cell damage against oxidative stress. Alpha-linolenic acid (ALA, C18:3) is one of the essential fatty acids rich in vegetable oils; especially, perilla oil (PO) contains a large amount of ALA (approximately 60%). Since ALA cannot be synthesized in humans due to a deficiency of the *n*-3 fatty acid desaturase, the prerequisite needs to be obtained through diet \[[@B7]\]. ALA is a principal precursor for eicosapentaenoic acid (EPA, C20:5) and docosahexaenoic acid (DHA, C22:6), which are abundantly found in fish oil. Previous studies have suggested that intake of *n*-3 polyunsaturated fatty acids correlates with decrease in coronary heart diseases, inflammatory diseases and some cancers \[[@B8][@B9]\]. Although there are evidences that dietary *n*-3 fatty acids have beneficial effects, the focus has mainly been on fish oil. ALA is another promising *n*-3 fatty acid found in vegetable oils, and having beneficial roles in health. However, the study on the molecular mechanism between ALA and H~2~O~2~-induced neuronal apoptosis has not been studied yet.

A hallmark of AD, amyloid beta (Aβ), has been implicated to play a key role in oxidative stress and neurotoxicity \[[@B10]\]. Previously, we reported that PO \[[@B11]\] and ALA \[[@B12]\] improved the cognitive ability in AD mice. Administration of PO and ALA significantly reversed the Aβ-induced learning and memory impairment as measured by T-maze, novel object recognition and Morris water maze tests. Furthermore, PO and ALA significantly reduced malondialdehyde (MDA) and nitric oxide (NO) levels in Aβ-injected mice brain tissue. Therefore, we speculated that the cognitive improvement against Aβ could be mediated by the anti-oxidative activity of PO and ALA. Previous studies demonstrated that PO and ALA ameliorate the oxidative stress by the inhibiting lipid peroxidation or regulating nuclear factor kappa B \[[@B13][@B14][@B15]\]. In the rat brain, H~2~O~2~, which is generated from the superoxide anion (O~2~^−^), induces mitochondrial dysfunction resulting in cell death \[[@B16]\]. The SH-SY5Y cells are highly sensitive to oxidative stress such as H~2~O~2~. Therefore, we investigated the protective effects of PO and ALA (a major fatty acid isolated from PO), on H~2~O~2~-induced oxidative stress in SH-SY5Y neuronal cells, and the regulatory mechanisms involved of the apoptosis pathway.

MATERIALS AND METHODS
=====================

Preparation of sample
---------------------

PO was generously donated by the Southern Area Crop Science, Rural Development Administration (Miryang, Korea). The fatty acid composition of PO used in this study was ALA (515.20 mg/g), linoleic acid (141.16 mg/g), oleic acid (147.05 mg/g), stearic acid (23.08 mg/g) and palmitic acid (52.12 mg/g) \[[@B17]\]. ALA was extracted from PO after treatment with urea and cooling, using a high-yield method as described previously \[[@B18]\]. PO and ALA were prepared as a stock solution in dimethyl sulfoxide (DMSO), and the final concentration was adjusted with DMSO before use; the vehicle (DMSO) did not affect cell viability. The PO and ALA were stored in a refrigerator at 4℃ with nitrogen gas, for stability.

Instruments and reagents
------------------------

Fetal bovine serum (FBS), Dulbecco\'s modified eagle\'s medium (DMEM), and penicillin/streptomycin were supplied from Welgene (Daegu, Korea) for cell culture. H~2~O~2~ was purchased from Junsei chemical Co. (Tokyo, Japan). Radioimmunoprecipitation assay (RIPA) buffer, 30% acrylamide bis solution, and pre-stained protein size marker were obtained from Elpis Biotech (Daejeon, Korea). Polyvinylidene fluoride (PVDF) membrane was from Millipore (Billerica, MA, USA). Primary and secondary antibodies were purchased from Cell Signaling (Beverly, MA, USA).

Cell culture
------------

SH-SY5Y cells were obtained from KCLB (Korean Cell Line Bank, Seoul, Korea). The cells were maintained at 37℃ in a 5% CO~2~ incubator, in DMEM supplemented with 1% penicillin/streptomycin and 10% FBS. Cells were sub-cultured with 0.05% trypsin-EDTA and phosphate buffered saline (PBS).

MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt) assay
----------------------------------------------------------------------------------------------------------------

Confluent cells were harvested and plated at a density of 5 × 10^4^ cells/mL, into 96 well plates. After overnight culture, the cells were treated with varying concentrations of PO (25, 125, 250 and 500 µg/mL) and ALA (1, 2.5, 5 and 25 µg/mL) for 30 min. The treated cells were then exposed to H~2~O~2~ and incubated 24 h. After incubation, cell viability was determined using the MTS (Promega, Madison, WI, USA) as described previously \[[@B19]\] according to the manufacturer\'s protocol. Absorbance of each well was read at 490 nm.

Lactate dehydrogenase (LDH) release assay
-----------------------------------------

LDH activity was measured using the LDH cytotoxicity detection kit (Takara Bio, Shiga, Japan), according to the manufacturer\'s instructions. SH-SY5Y cells were plated at a density of 5 × 10^4^ cells/mL in 96 well plates, and cultured overnight. Cells were treated with PO (25, 125, 250 and 500 µg/mL) and ALA (1, 2.5, 5 and 25 µg/mL) for 30 min, and they were exposed to H~2~O~2~ following 24 h. The supernatant (100 µL) and reaction mix (100 µL) were mixed in 96 well plates and incubated for 30 min at room temperature. All samples were measured using a microplate reader at absorbance 490 nm \[[@B20]\].

Hoechst 33342 staining
----------------------

SH-SY5Y cells were seeded on 8 well chamber slides and treated with PO and ALA for 30 min. Cells were exposed to 250 µM H~2~O~2~ for 24 h. After removal of the medium, cells were washed with PBS (pH 7.4) and fixed in 4% paraformaldehyde for 10 min. The fixed cells were again washed with PBS and treated with Hoechst 33342 (NucBlue® Live Ready Probes® Reagent, Life Technologies, Grand Island, NY, USA) for 20 min. Cells were observed using the Fluorescence microscope (Olympus BX50, Tokyo, Japan). Apoptotic bodies of cells with characteristic nuclear fragmentation and condensation were counted (at least 300 cells). Four pictures from different fields were randomly chosen, and data were expressed as a percentage of apoptotic cells with respect to the total cell number \[[@B21][@B22][@B23]\].

Western blotting
----------------

SH-SY5Y cell extracts were prepared according to the manufacturer\'s instructions, using RIPA buffer supplemented with 1× protease inhibitor cocktail. Proteins were separated by electrophoresis in a precast 10--13% sodium dodecyl sulfate polyacrylamide gel, and blotted onto PVDF membranes. The membrane was blocked with 5% skim milk solution for 1 h at room temperature, and incubated overnight at 4℃ with primary antibody (cleaved caspase-3, cleaved caspase-9, poly ADP ribose polymerase (PARP), BAX, BCL-2, and β-actin; each antibody at a dilution of 1:1000). Following washing, the membranes were incubated with the appropriate horseradish peroxidase-conjugated secondary antibodies. Western bands were visualized using a chemiluminescent imaging system (Davinci Chemi, Seoul, Korea).

Statistical analysis
--------------------

All results in this study were obtained in three independent experiments, and are expressed as means ± standard deviation (SD). Statistical significance was determined using one-way ANOVA, followed by Duncan\'s post-hoc tests. Significance was set at *P* \< 0.05.

RESULTS
=======

Effects of PO and ALA on viability of H~2~O~2~-induced SH-SY5Y cells
--------------------------------------------------------------------

To determine the neuroprotective effects of PO and ALA against oxidative stress in SH-SY5Y cells, the viability was measured by MTS assay. As illustrated in [Fig. 1A](#F1){ref-type="fig"}, 250 µM H~2~O~2~ treatment decreased the cell viability to 65.85% compared with control group (100%). However, PO treatment significantly increased the cell viability. In particular, treatment with 500 µg/mL restored cell viability to 95.45%. Likewise, H~2~O~2~-treated vehicle group had a reduced cell viability of 60.76%, whereas an increase in cell viability was observed after ALA treatment, being 62.77% and 66.68% at 5 and 25 µg/mL concentrations, respectively ([Fig. 1B](#F1){ref-type="fig"}).

Effects of PO and ALA on LDH release of H~2~O~2~-induced SH-SY5Y cells
----------------------------------------------------------------------

The inhibitory effects of PO and ALA on H~2~O~2~-induced cytotoxicity were evaluated by measuring the LDH levels. As shown in [Fig. 2A](#F2){ref-type="fig"}, the SH-SY5Y cells treated with H~2~O~2~ for 24 h expressed 53.49% LDH release, as compared to the un-treated group (2.59%). However, pre-incubation with PO significantly attenuated the LDH activity. Especially, PO at 500 µg/mL markedly decreased LDH release to 38.68%. In addition, treatment of ALA (25 µg/mL) also effectively reduced the H~2~O~2~-induced LDH release from 41.22% to 25.52%, indicating that PO and ALA protect against H~2~O~2~-mediated SH-SY5Y cell death ([Fig. 2B](#F2){ref-type="fig"}).

Effects of PO and ALA on morphologic changes and DNA condensation of H~2~O~2~-induced SH-SY5Y cells
---------------------------------------------------------------------------------------------------

The protective effects of PO and ALA were further investigated on H~2~O~2~-induced morphological changes in SH-SY5Y neuronal cells, using Hoechst 33342 staining. We observed increased nuclear condensation and bright blue color in the H~2~O~2~-treated vehicle group, as compared to the control group ([Fig. 3A and B](#F3){ref-type="fig"}). In contrast, the SH-SY5Y cells treated with PO (500 µg/mL) and ALA (25 µg/mL) revealed attenuation of the H~2~O~2~-induced neuronal cell death. These results indicate that PO and ALA protect H~2~O~2~-induced SH-SY5Y cell death via inhibition of apoptosis.

Effects of PO and ALA on PARP, caspase-3 and -9 activations in H~2~O~2~-induced SH-SY5Y cells
---------------------------------------------------------------------------------------------

To investigate the effects of PO and ALA on the underlying apoptotic pathway, we focused on evaluating the regulation of PARP and caspase activation. Treatment of 250 µM H~2~O~2~ resulted in enhancing the levels of cleaved PARP, and cleaved caspase-3 and -9. In contrast, treatment of SH-SY5Y cells with PO (500 µg/mL) and ALA (5 and 25 µg/mL) significantly attenuated these protein expression levels ([Fig. 4](#F4){ref-type="fig"},[5](#F5){ref-type="fig"},[6](#F6){ref-type="fig"}). These results indicate that PO and ALA inhibit downstream of the apoptotic pathway, including PARP and caspase-9 and -3 activations.

Effects of PO and ALA on BCL-2 and BAX protein expressions in H~2~O~2~-induced SH-SY5Y cells
--------------------------------------------------------------------------------------------

We further investigated the effects of PO and ALA on BAX/BCL-2 expression ratio. In the H~2~O~2~-induced vehicle group, the expression of BCL-2 protein was significantly down-regulated, whereas the protein level of BAX was significantly up-regulated ([Fig. 7](#F7){ref-type="fig"}). Our results showed a high BAX to BCL-2 ratio, demonstrating that H~2~O~2~-induced apoptosis. As compared to the vehicle group, treatment with PO and ALA led to decreased expression of the pro-apoptotic protein BAX, with simultaneous increased levels of the anti-apoptotic protein BCL-2.

DISCUSSION
==========

Oxidative stress in brain is associated with neurodegenerative diseases \[[@B24]\]. Excessive production of ROS, such as O~2~^−^, ·OH and H~2~O~2~, induces protein oxidation, lipid peroxidation, and dysfunction of mitochondria and DNA, leading to neuronal cell death. H~2~O~2~ is known to significantly decrease the cell viability via the oxidative-dependent apoptotic process. Therefore, H~2~O~2~-induced neuronal cell death in SH-SY5Y cells is extensively used as a cellular model to investigate the apoptosis caused by oxidative stress. Many studies have reported that dietary modifications block the apoptosis-pathway and protect neuronal cell death, thereby resulting in the prevention or delaying of AD \[[@B25][@B26][@B27]\].

The neurological health benefits of EPA and DHA supplements are well established \[[@B28]\]. Recently, concerns have arisen regarding fish, the main source of EPA and DHA, involving the geographical restriction in certain countries or heavy metal pollution in sea water. However, ALA is abundantly found in vegetable oils, and this has increased the attention in the functional effects of *n*-3 fatty acid derived from plants. Consumption of PO, which is the most abundant ALA, is a good alternative to increase the intake of *n*-3 fatty acid. Chung \[[@B29]\] demonstrated that consumption of ALA has a cardioprotective effect, and reported increased concentrations of both EPA and DPA in the plasma of PO-fed mice model. Although ALA is a precursor of EPA, and consequently DPA and DHA, it is not efficient. In fact, ingestion of ALA does not accelerate EPA or DHA levels, but only serves as a calorie source \[[@B30]\]. This was explained in multiple studies which report the extremely low bioconversion efficiency from ALA to EPA (0.4%) and DHA (less than 0.1%) \[[@B31]\]. Considering this point, Blondeau and Tauskela \[[@B32]\] demonstrated the direct protective effect of ALA on neurons against glutamate-mediated toxicity. We therefore speculated that in oxidative stress-induced SH-SY5Y cells, ALA may have a neuroprotective effect mediated by direct action. To investigate the protective effects of PO and ALA against oxidative stress-induced neuronal cell apoptosis, we evaluated the cell viability, LDH release, DNA condensation and signaling pathway involved in neuronal apoptosis.

The concentration of ALA in our study was based on composition rate in PO and physiological effect described in previous reports; (1) A bioavailability study has shown that treatment of PO 100--800 µg/mL displayed an anti-thrombotic activity \[[@B33]\]. In addition, PO at dose of 50 mg/mL reversed Aβ toxicity by attenuating oxidative stress in PC12 neuronal cells \[[@B34]\]. Our previous data also showed that 25--500 µg/mL of PO has radical scavenging effect *in vitro* \[[@B35]\]. (2) Generally, PO consists of about 60% ALA. The 25--500 µg/mL of PO may result in approximately 15--300 µg/mL of ALA. Treatment of ALA in concentration of 1--25 µg/mL to SH-SY5Y cells did not affect cellular conditions in our preliminary study, thus we decided to assess the neuroprotective effect of ALA at a concentration range of 1--25 µg/mL. In agreement with previous studies \[[@B36][@B37]\], we observed that SH-SY5Y cells exposed to H~2~O~2~ treatment resulted in cell loss. However, treatment with PO and ALA prevented the cell death, as confirmed by the cell viability assay. Furthermore, PO and ALA treatment significantly decreased the LDH activity, indicating a cytoprotective effect against H~2~O~2~-induced oxidative stress. A number of studies have established that *n*-3 fatty acid contained in oils plays a role in reducing the oxidative stress \[[@B14][@B38]\]. We also previously reported that ALA from PO exerted ·OH scavenging activity *in vitro* \[[@B35]\]. In this study, the protective effect of ALA against H~2~O~2~-induced oxidative stress was also observed, indicating that ALA is a promising agent as a free radical scavenger or antioxidant. The LDH leakage assay is based on the release of the enzyme after cell membrane damage, so it requires only a few minutes to measure signal. On the other hand, the MTS assay is mainly based on mitochondria activity, and other features such as reaction time and metabolic conditions affect the results \[[@B39]\]. According to Wang et al. \[[@B40]\], metabolic activity of cells may be affected by different conditions, chemicals or phytochemicals, which can cause change of interaction with MTT or MTS directly. There are several factors determining the cell function or viability such as enzyme activity, cell membrane permeability, cell adherence, nucleotide uptake activity as well as ATP production. Although, the effect of ALA on cell viability is seemed to be minimal compared to the effects on LDH release and apoptotic signaling pathway, other assays are required to evaluate the effect of ALA on cell proliferation and function.

Neuronal apoptotic cell death is characterized to cell shrinkage and DNA condensation, as well as morphological changes \[[@B41][@B42][@B43]\]. The Hoechst 33342 staining method, which discriminates the live and apoptotic cells by showing brightly stained nuclei, was performed in order to observe apoptosis morphologically. Microscopic imaging showed that H~2~O~2~ treatment strongly induced neuronal cell death, whereas the PO- and ALA-treated cells showed decrease in chromatin condensation and cell shrinkage. These results indicate that PO and ALA inhibited the cellular morphological changes against H~2~O~2~-induced cell damage.

There are two classes of apoptotic regulatory proteins involved in the apoptosis pathway: the anti-apoptotic proteins (BCL-2, BCL-XL) and pro-apoptotic proteins (BAX, BID, BCLXS) \[[@B44]\]. In apoptotic processes, the expression of anti-apoptotic BCL-2 protein (inhibits cell death) is significantly reduced, and the pro-apoptotic BAX protein (promotes cell death) is significantly increased \[[@B45]\]. During initiation of apoptosis, BAX is translocated to the mitochondrial membrane and induces the activation of caspases, which is responsible for cell death \[[@B46][@B47]\]. To further investigate whether pro-apoptotic and anti-apoptotic protein expressions were affected by PO and ALA treatment, we analyzed the ratio of BAX/BCL-2 expression. In agreement with a previous study, our results showed enhancement of the BAX/BCL-2 ratio in SH-SY5Y cells incubated with H~2~O~2~ for 24h, whereas treatment with PO and ALA suppressed the H~2~O~2~-induced increase of the BAX/BCL-2 ratio. Down-regulated BAX/BCL-2 protein levels indicate that PO and ALA had an apoptosisinhibitory effect against oxidative stress.

Caspases are comprised of more than 10 homologues; caspase-3 is majorly associated with neuronal apoptosis. Activated caspase-9 and -3 mediate the H~2~O~2~-induced neuronal cell death by up-regulation of cleaved-PARP, which is a hallmark of apoptosis \[[@B48]\]. Therefore, inhibition of activated caspase-3 and -9 is attributed as a protective activity against neuronal cell loss. In the present study, PO and ALA treatment significantly suppressed the PARP cleavage compared with those of the vehicle group, suggesting that PO and ALA protected against the H~2~O~2~-induced apoptotic process by inhibiting the activation of caspase-9 and -3. Taken together, our results indicate that treatment with PO and ALA has potential anti-apoptotic effects by down-regulation of caspase-9 and -3 activation via modulating the BCL-2 and BAX expressions.

Overall, our results indicate that treatment with PO and ALA increased the cell viability and inhibited LDH activity and nuclei condensation, thus protecting the H~2~O~2~-induced neuronal cell death. These neuroprotective capacities of PO and ALA in H~2~O~2~-induced SH-SY5Y cells might be related to the regulation of the apoptosis signaling pathway (i.e., down-regulation of cleaved PARP, cleaved caspase-9, and -3). In addition, increased levels of anti-apoptotic protein BCL-2 and down-regulated pro-apoptotic BAX expression indicate that PO and ALA block the H~2~O~2~-mediated neuronal apoptotic pathway. ALA in PO may contribute towards the up-regulation of the survival pathway in neuronal cells. There are very few comparison studies that have evaluated the direct influence of ALA, EPA and DHA on human health. Therefore, it remains unclear whether ALA has its own independent effect on anti-apoptosis against oxidative stress in neuronal cells. According to Egert et al. \[[@B49]\], although dietary ALA, EPA and DHA differ considerably in their mode of affect, ALA was as effective in improving lipid metabolism as EPA or DHA. In addition, some reports show that ALA has a significant anti-inflammatory \[[@B50]\] and cardioprotective effect \[[@B51]\], similar to EPA and DHA. We suggest that ALA itself exerts a protective role against oxidative stress in neuronal cells, and not by conversion to EPA or DHA. In our previous study, we confirmed that administration of PO and ALA has a protective effect against Aβ-induced cognitive impairment under behavioral tests in mice model. Also, the effects of PO and ALA on oxidative stress was reflected by inhibition of NO and MDA production in the Aβ-injected mice brain tissue \[[@B11][@B12]\], suggesting that PO has a neuroprotective effect against neurotoxicity induced by oxidative stress. We are currently conducting further reverse transcription-PCR studies to investigate whether PO and ALA regulate the pro- or anti-apoptosis-related mRNA expressions. Taken together, our results indicate that PO and ALA have modulatory effects on oxidative stress-induced neuronal cell death.
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![Effects of PO (A) and ALA (B) on cell viability in hydrogen peroxide-induced SH-SY5Y cells.\
PO, Perilla oil; ALA, Alpha-linolenic acid. Values are mean ± SD. ^a--d^Means with different letters are significantly different (*P* \< 0.05) as determined by Duncan\'s multiple range test. The results were obtained in three independent experiments.](nrp-12-93-g001){#F1}

![Protective effect of PO (A) and ALA (B) on lactate dehydrogenase (LDH) release in SH-SY5Y cells treated with hydrogen peroxide.\
PO, Perilla oil; ALA, Alpha-linolenic acid. Values are mean ± SD. ^a--d^Means with different letters are significantly different (*P* \< 0.05) as determined by Duncan\'s multiple range test. The results were obtained in three independent experiments.](nrp-12-93-g002){#F2}

![Effects of PO and ALA on DNA condensation in SH-SY5Y cells treated with hydrogen peroxide.\
The nuclear morphology of cells was determined by Hoechst 33342 staining. (A) Representative images of nuclei stained with Hoechst 33342. The apoptotic bodies are indicated with arrows. (B) Quantification of the nuclei demonstrating apoptotic bodies observed under a fluorescence microscope. Magnification was 400x. PO, Perilla oil; ALA, Alpha-linolenic acid. Values are mean ± SD. ^a--e^Means with different letters are significantly different (*P* \< 0.05) as determined by Duncan\'s multiple range test. The results were obtained in three independent experiments.](nrp-12-93-g003){#F3}

![Effects of PO and ALA on levels of cleaved caspase-9 protein expression in SH-SY5Y cells treated with hydrogen peroxide.\
PO, Perilla oil; ALA, Alpha-linolenic acid. Values are mean ± SD. ^a--c^Means with different letters are significantly different (*P* \< 0.05) as determined by Duncan\'s multiple range test. β-actin was used as a loading control. The results were obtained in three independent experiments.](nrp-12-93-g004){#F4}

![Effects of PO and ALA on levels of cleaved caspase-3 protein expression in SH-SY5Y cells treated with hydrogen peroxide. PO, Perilla oil; ALA, Alpha-linolenic acid.\
Values are mean ± SD. ^a--e^Means with different letters are significantly different (*P* \< 0.05) as determined by Duncan\'s multiple range test. β-actin was used as a loading control. The results were obtained in three independent experiments.](nrp-12-93-g005){#F5}

![Effect of PO and ALA on levels of cleaved-poly ADP ribose polymerase protein expression in SH-SY5Y cells treated with hydrogen peroxide.\
PO, Perilla oil; ALA, Alpha-linolenic acid. Values are mean ± SD. ^a--f^Means with different letters are significantly different (*P* \< 0.05) as determined by Duncan\'s multiple range test. β-actin was used as a loading control. The results were obtained in three independent experiments.](nrp-12-93-g006){#F6}

![Effect of PO and ALA on levels of BAX/BCL-2 ratio protein expression in SH-SY5Y cells treated with hydrogen peroxide.\
PO, Perilla oil; ALA, Alpha-linolenic acid. Values are mean ± SD. ^a--e^Means with different letters are significantly different (*P* \< 0.05) as determined by Duncan\'s multiple range test. β-actin was used as a loading control. The results were obtained in three independent experiments.](nrp-12-93-g007){#F7}
